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A  Program  of  Research  in  Picosecond  Optical  Electronics 


I.  Summary 

An  electrooptic  (EO)  sampling  system  suitable  for  high-speed  measurements  on  gal¬ 
lium  arsenide  (GaAs)  integrated  circuits  (IC’s)  was  developed.  This  measurement  tech¬ 
nique  is  based  on  the  linear  electrooptic  effect  in  GaAs.  Using  a  longitudinal  probing 
geometry,  sub-bandgap  energy  infrared  light  is  passed  through  the  substrate  of  a  GaAs 
IC,  reflected  off  some  circuit  metallization,  and  passed  through  a  polarizer,  resulting  in  an 
intensity  change  of  the  light  past  the  polarizer  proportional  to  the  voltage  across  the  sub¬ 
strate.  To  achieve  short  temporal  resolution,  the  signal  generating  electronics  for  driving 
the  IC’s  are  phase  locked  to  the  repetition  rate  of  a  mode-locked  laser  system  to  allow  for 
repetitively  sampled  measurements  of  time  waveforms.  Since  the  probe  is  an  optical  beam, 
the  technique  is  non-contact,  non-destructive,  and  non-invasive  in  that  the  test  point  is 
not  loaded  with  50  ohms  or  any  parasitic  impedences.  For  analog  circuits,  the  sampler 
can  be  used  in  the  small-signal  case  to  make  vector  voltage  measurements  or  in  the  large 
signal  case  to  view  distortion  and  clipping  of  time  waveforms.  For  digital  circuits,  the 
sampler  can  be  used  to  measure  signal  timing,  risetimes  of  less  than  10  picoseconds  (ps), 
and  propagation  delays  to  1  ps. 

II.  Research  Results 

The  results  of  this  research  are  well  documented  in  the  literature  (see  attached  pub¬ 
lications  list  and  appendix).  A  summary  of  these  results  in  chronological  order  are  given 
below. 

During  the  summer  of  1984  the  initial  version  of  the  electrooptic  sampler  was  de¬ 
veloped.  The  system  consisted  of  mode-locked  NdrYAG  laser,  a  fiber-grating  puke  com¬ 
pressor,  a  doubling  crystal  for  second-harmonic  generation,  an  optical  breadboard  with  the 


necessary  optics,  a  stepper  motor  stage,  viewing  system,  a  photodiode  receiver,  and  a  desk¬ 
top  computer  controller.  The  system  was  demonstrated  by  measuring  the  time  response 
of  a  30  ps  GaAs  photodiode  by  exciting  the  photodiode  with  the  doubled  light,  launching 
the  signal  and  a  GaAs  transmission,  and  measuring  the  response  electrooptically  using  the 
infrared  light.  This  work  was  completed  by  October  1984. 

During  the  next  several  months,  the  ability  to  directly  measure  time  waveforms  from 
signal  generators  synchronized  to  the  laser  pulse  repetition  rate  was  investigated.  The 
.  concept  proved  feasible  but  the  laser  was  identified  as  a  source  of  excess  timing  instability. 
Measuring  the  phase  noise  of  the  laser  by  harmonic  mixing  of  the  laser  spectrum  with  a 
microwave  synthesizer  on  a  GaAs  microstrip,  the  timing  jitter  of  the  laser  was  characterized 
[1].  This  excess  timing  jitter  seriously  degraded  sampling  measurements  of  synthesizer 
signals  above  10  GHz. 

To  combat  this  excess  timing  jitter,  an  electronic,  phase-sensitive  feedback  loop  ex¬ 
ternal  to  the  laser  was  developed.  This  system  compared  the  timing  of  the  pulses  from 
the  laser  to  a  very  stable  signal  from  an  RF  synthesizer.  Timing  error  on  the  laser  pulses 
generated  an  error  signal  that  controlled  a  phase-shifter  to  adjust  the  timing  signal  to 
the  mode-locker  of  the  laser.  In  this  fashion,  the  timing  jitter  was  substantially  reduced. 
Improvements  on  this  timing  stabilizer  continued  through  August  1985,  with  a  resulting 
timing  jitter  of  2  picoseconds  (ps)  rms  overall  and  a  long  term  drift  of  less  than  1  ps  per 
minute  of  the  laser  pulses  with  respect  to  a  microwave  synthesizer  signal. 

Concurrently  with  the  above  effort,  the  electrooptic  sampler  was  being  applied  to  the 
characterization  of  GaAs  integrated  circuits  (IC’s).  Working  with  a  2-12  GHz  traveling- 
wave  amplifier  (TWA)  from  Varian  Associates,  vector  measurements  of  internal  node  sig¬ 
nals  on  this  circuit  were  demonstrated  as  well  as  detection  of  signals  to  26  GHz,  the  limit 
of  the  labs  microwave  synthesizer  (2]. 

To  apply  this  system  to  signal  detection  on  digital  circuits,  a  novel  backside  probe  ge¬ 
ometry  was  conceived  and  demonstrated  [3].  A  high-speed  8-bit  multiplexer/demultiplexer 
from  TriQuint  Semiconductor  was  probed  in  this  fashion,  demonstrating  the  ability  to 


detect  the  signal  timing  and  propagation  delays  logic  elements  along  2  micron  width  in¬ 
terconnects. 

In  conclusion,  this  contract  supported  research  of  a  new  type  of  electrooptic  sampling 
that  allows  for  synchronization  of  a  microwave  synthesizer  with  the  pulse  repetition  rate  of 
a  mode-locked  laser.  With  feedback  electronics  to  stabilize  the  timing  of  the  laser  pulses, 
the  response  of  analog  and  digital  GaAs  IC’s  can  be  detected  with  picosecond  accuracy. 
This  research  has  led  to  a  number  of  publications  [1]  -[9]  and  the  electrooptic  sampler  is 
becoming  a  valuable  new  tool  for  the  accurate  characterization  of  ultrafast  GaAs  integrated 
circuits. 

III.  Personnel 

During  the  course  of  this  project,  two  students  were  awarded  degrees.  Kurt  Wein- 
garten  received  his  M.S.  Degree  in  Electrical  Engineering  in  April  of  1985,  and  Brian 
Kolner  received  his  Ph.D.  in  June  of  1985.  Dr.  Kolner’s  thesis  was  entitled  “Picosecond 
Electro-optic  Sampling  of  Gallium  Arsenide”. 
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Picosecond  Electrooptic  Sampling  and  Harmonic  Mixing  in  GaAs 


B.H.  Kolner,  K.J.  Weingarten,  M.J.W.  Rodwell,  and  D.M.  Bloom 

Edward  L.  Ginzton  Laboratory,  Stanford  university, 

Stanford,  CA  94305,  USA 


Electro-optic  sampling  is  a  powerful  technique  for  exploiting  the  capabilities  of  modern 
mode-locked  laser  systems  to  make  high  speed  electronic  measurements.  Using  ultra- 
short  light  pulses  to  probe  the  electric  fields  of  microstrip  transmission  lines  deposited  on 
LiNbC>3  and  LiTa03,  VALDMANIS  et  al.  [1,2]  demonstrated  an  electro-optic  sampling 
system  capable  of  resolving  picosecond  and  subpicosecond  rise-time  photoconductive 
switches.  KOLNER  et  al.  [4,5]  utilized  a  similar  system  to  characterize  photodiodes  ex¬ 
hibiting  bandwidths  of  100  GHz.  In  both  cases,  a  hybrid  connection  between  the  device 
under  test  and  the  electro-optic  transmission  line  was  required.  VALDMANIS  et  al.  [6] 
and  MEYER  and  MOUROU  [7]  have  shown  that  by  placing  an  electro-optic  crystal  in 
contact  with  the  circuit  under  test,  picosecond  waveforms  could  be  measured  without 
a  hybrid  connection.  Although  these  techniques  have  demonstrated  impressive  results, 
they  potentially  compromise  the  true  device  response  by  reactive  loading  of  the  trans¬ 
mission  line  systems.  This  occurs  due  to  1)  the  fundamental  mode  mismatch  between 
similar  transmission  lines  on  different  dielectrics,  2)  parasitic  reactances  associated  with 
the  bonding  wires  between  the  two  transmission  line  systems  or  3)  capacitive  loading 
of  a  transmission  line  by  close  proximity  to  the  sampling  crystal. 

In  this  paper  we  report  on  a  new  approach  to  electro-optic  sampling  of  high  speed 
GaAs  devices  that  overcomes  these  potential  limitations.  Our  system  relies  on  the  fact 
that  GaAs  is  electro-optic  and  devices  and  circuits  fabricated  in  this  material  can  be 
probed  directly  using  picosecond  infrared  pulses  to  yield  time  and  frequency  domain 
measurements  of  a  truly  noninvasive  nature.  The  circuits  can  be  excited  either  by 
on-board  photodetectors  for  impulse  response  measurements  or  by  external  signal  gen¬ 
erators,  phaselocked  to  the  laser  pulse  train,  for  analog  swept  frequency  or  synchronized 
digital  measurements.  In  the  latter  case,  the  pulse  timing  stability  of  the  laser  becomes 
an  important  factor  in  making  accurate  measurements.  By  operating  the  sampler  as  a 
wideband  harmonic  mixer,  we  have  been  able  to  characterize  the  timing  jitter  of  the 
laser  and  establish  the  limits  it  would  impose  on  measurements  made  with  external 
signal  sources. 

Of  the  various  possible  geometries  for  electro-optic  modulation  in  GaAs,  the  longitu¬ 
dinal  case  illustrated  in  Fig.  la  is  the  most  attractive.  In  this  configuration,  the  optical 
sampling  beam  passes  through  the  wafer  at  a  point  adjacent  to  the  upper  conductor 
of  a  microstrip  transmission  line  and  is  reflected  back  by  the  ground  plane  below.  For 
(100)  cut  GaAs  (the  most  common  orientation  for  integrated  circuits),  the  electric  field 
lines  along  the  (100)  axis  induce  birefringent  axes  along  the  (011)  and  (Oil)  directions. 
This  birefringence  is  converted  to  an  amplitude  modulation  of  the  sampling  beam  with 
a  polarizer.  For  a  given  voltage  on  the  transmission  line,  the  electric  field  (and  hence 
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Fig.  1.  Microstrip  sampling 
geometries  with  indicated  crys¬ 
tallographic  axes. 
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the  birefringence)  varies  inversely  with  the  substrate  thickness.  However,  since  the  net 
phase  retardation  is  proportional  to  the  product  of  the  birefringence  and  the  substrate 
thickness,  the  thickness  cancels  out.  The  sensitivity,  or  minimum  detectable  voltage,  is 
therefore  independent  of  the  characteristic  impedance  of  the  transmission  line  and  for 
a  50  fl  microstrip  system  is  nearly  ten  times  better  than  that  of  the  transverse  LiTaOj 
sampler  (Fig.  lb).  Previous  approaches  to  electro-optic  sampling  relied  on  a  trans¬ 
verse  field  geometry  [1-7J  and  thus  were  sensitive  to  the  dimensions  of  the  transmission 
lines.  With  this  new  longitudinal  sampling  configuration,  we  can  make  absolute  voltage 
measurements,  independent  of  transmission  line  impedances  and  device  geometries. 

To  make  impulse  response  measurements  with  on-chip  photodetectors,  a  dual  wave¬ 
length  picosecond  source  is  needed.  A  Nd:YAG  laser  is  ideal  for  this  application.  The 
1.06  n m  wavelength  is  well  below  the  absorption  edge  of  GaAs  and  can  be  used  as  the 
sampling  beam.  The  second  harmonic,  obtained  by  frequency  doubling  to  .532  pirn, 
yields  an  ideally  synchronized  source  for  exciting  photodetectors.  While  reliable  cw 
mode-locked  NdrYAG  lasers  are  commercially  available,  the  minimum  pulsewidth  is 
limited  to  50-100  ps  and  is  too  long  to  be  used  for  high  speed  sampling.  However, 
recent  work  on  fiber-grating  pulse  compressors  has  resulted  in  the  efficient  compres¬ 
sion  of  NdrYAG  pulses  to  less  than  5  ps  [8j.  As  a  first  step  toward  sampling  monolithic 
GaAs  integrated  circuits,  we  used  a  packaged  GaAs  photodiode  [9]  connected  to  a  GaAs 
microstrip  transmission  line.  We  excited  the  photodiode  with  5  picosecond  pulses  and 
electro-optically  sampled  the  microstrip  line  to  yield  the  photodiode  impulse  response. 
Although  a  hybrid  arrangement,  the  initial  results  demonstrated  the  effectiveness  of  the 
longitudinal  sampling  geometry.  A  more  complete  description  of  this  experiment  can 
be  found  in  [10]. 

Because  an  electro-optic  modulator  produces  a  photocurrent  that  is  proportional  to 
the  product  of  the  optical  intensity  and  the  modulating  signal,  it  can  be  viewed  as  a 
mixer.  In  the  frequency  domain,  any  signal  at  z/q  propagating  on  the  transmission  line 
will  mix  with  all  of  the  harmonics  of  the  fundamental  sampling  rate,  /o-  Sidebands  due 
to  the  convolution  of  these  two  spectra  will  appear  at  frequencies  nfo±i/Q.  In  particular, 
if  the  transmission  line  is  driven  with  a  pure  microwave  signal,  a  replica  of  the  nearest 
harmonic  will  appear  between  DC  and  /o/2,  where  it  can  be  conveniently  viewed  on 
a  spectrum  analyzer  or  other  receiver.  This  permits  frequency  domain  measurements 
to  be  made  throughout  the  microwave  spectrum  by  driving  the  circuit  under  test  with 
an  external  signal  generator  and  measuring  the  magnitude  of  the  mixer  products  at 
baseband.  The  phases  of  the  microwave  signals  are  also  preserved  and  any  fluctuations  or 
phase  noise  is  transferred  to  the  baseband  signal.  If  the  driving  signal  is  a  clean  sinusoid, 
the  phase  noise  of  the  down-converted  harmonic  is  readily  apparent  and  provides  a  way 
to  quantify  the  jitter  in  the  laser  pulse  train.  A  typical  harmonic  spectral  component 


contains  a  delta  fa:: - 1 :  at  n /,,  and  a  phase  noise  pedestal  arising  from  the  pulse-t ■ - 
pulse  timing  jitter  of  the  laser.  For  small  phase  fluctuations,  the  relative  phase  noise 
power  at  a  given  offset  from  the  carrier  can  be  shown  to  vary  as  the  square  of  the 
harmonic  number,  n  [11].  Figure  2  shows  a  series  of  harmonic  spectra  mixed  down 
to  about  10  MHz.  These  spectra  were  obtained  by  applying  signals  up  to  16  GHz 
(n  =  199)  to  the  transmission  line  with  an  HP  8340  microwave  synthesizer  phase-locked 
to  the  laser  mode-locker  driver  (HP  3325).  The  growth  of  the  phase  noise  sidebands 
was  found  to  be  in  excellent  agreement  with  the  predicted  square-law  dependence. 


Fig.  2.  Laser  envelope  harmonic 
spectral  components  converted  to 
10  MHz  by  harmonic  mixing  in 
the  electro-optic  sampler.  Cen¬ 
ter  frequency  of  each  component 
equals  n  x  82  MHz,  where  n  is  the 
harmonic  number. 


The  power  in  the  phase  noise  sidebands,  PpSBt  can  be  shown  to  be  related  to 
the  r.m.s.  timing  jitter  [11,12].  To  calculate  the  total  double  sideband  power,  the 
phase  noise  spectrum  is  integrated  from  some  low  frequency  f\  near  the  carrier  (n/o) 
to  some  higher  frequency  f2  where  the  phase  noise  power  falls  to  the  level  of  the  AM 
and  Johnson  noise.  Since  the  apparent  width  of  the  carrier  component  depends  on 
the  resolution  bandwidth  of  the  spectrum  analyzer,  using  a  narrower  bandwidth  allows 
lower  frequency  phase  fluctuations  to  contribute  to  the  total  sideband  power.  Thus,  any 
calculation  of  timing  jitter  using  this  method  must  specify  the  low  frequency  cutoff,  f\. 
The  expression  relating  the  r.m.s.  timing  jitter  to  the  carrier  power  Pa  and  the  phase 
noise  power  is 

WherS  PDSB  =  2j^^df  and  T  =  1  / /o 

Using  a  spectrum  analyzer  with  a  resolution  bandwidth  of  10  Hz,  we  determined 
that  Atr.m.t.  <  11  ps  for  f\  >  10  Hz  [13].  Thi3  suggests  that  if  this  pulse  train  is  used 
to  sample  a  microwave  signal  and  produce  less  than,  say,  10  degrees  phase  uncertainty, 
the  microwave  frequency  must  be  below  2.5  GHz. 

In  spite  of  this  limitation,  we  used  this  pulse  train  to  sample  an  active  monolithic 
microwave  integrated  circuit  (mmic)  at  a  single  frequency  to  observe  electronic  distor¬ 
tion.  We  drove  a  four  stage  GaAs  FET  traveling  wave  amplifier  [14]  with  a  microwave 
synthesizer  phase-locked  to  the  laser  mode-locker  driver.  We  chose  an  operating  fre¬ 
quency  that  was  an  exact  multiple  of  the  fundamental  sampling  rate  plus  one  hertz. 
Thus,  the  sampling  pulses  “walked  through”  the  driving  sinusoid  at  a  rate  of  one  hertz. 
By  pulse  modulating  the  synthesizer  at  10  MHz,  a  narrowband  receiver  could  be  used 
for  signal-to-noise  enhancement.  Since  the  spectrum  analyzer  we  used  as  the  10 


W  (b) 

Fig.  3.  Voltage  output  of  a  four  stage  GaAs  FET  traveling  wave  amplifier  measured  by 
electro-optic  sampling  in  the  GaAs  substrate.  (•)  Normal  drain-source  biasing,  (b)  Re¬ 
duced  drain-source  biasing  demonstrating  soft  clipping  distortion.  Frequency  cs  3  GHz. 
(Horizontal »  65  ps/div.  Verticals  .2  volts/div.) 

MHz  photodiode  receiver  displayed  only  the  r.m.s.  value  of  the  sampled  waveform,  we 
injected  a  small  amount  of  the  10  MHz  chopping  signal  into  the  input  so  that  it  would 
sum  vectorially  with  the  photodiode  signal  and  produce  a  true  bipolar  waveform. 

With  the  synthesizer  tuned  to  approximately  3  GHz,  and  the  TWA  biased  normally, 
we  measured  the  waveform  shown  in  Fig.  3a  by  electro-optically  sampling  the  TWA  at 
the  output  of  its  last  stage.  Then,  we  reduced  the  drain-to-source  voltage  (VDS)  from 
+4  volts  to  +1.5  volts  so  that  the  TWA  was  operating  in  the  “triode  region".  Figure 
3b  shows  the  soft  clipping  on  the  negative  peaks  as  well  as  the  reduction  in  gain  that 
resulted  from  this  bias  condition. 
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DIRECT  ELECTRO-OPTIC  SAMPLING  OF 
GaAs  INTEGRATED  CIRCUITS 

Indexing  terms  Integrated  circuits.  Electro-optics 

We  report  the  first  electro-optic  sampling  measurements 
made  directly  within  an  integrated  circuit  Using  the  electro¬ 
optic  effect  in  GaAs.  we  have  noninvastvely  probed  the  inter¬ 
nal  voltage  waveforms  of  a  2-12  GHz  GaAs  FET 
travelling-wave  amplifier  integrated  circuit  driven  by  a 
microwave  signal  source. 


To  characterise  GaAs  monolithic  microwave  integrated  cir¬ 
cuits  iMMICsi  and  very-high-speed  digital  integrated  circuits 
fully  demands  noninvasive  measurements  of  the  internal 
voltage  waveforms  of  the  circuits  at  frequencies  exceeding 
50  GHz.  Conventional  sampling  oscilloscopes  and  network 
analysers  have  limited  bandwidths  and  cannot  probe  points 
internal  to  an  IC  without  seriously  degrading  device  per¬ 
formance. 

Electro-optic  sampling  of  high-speed  electronics  is  moti¬ 
vated  by  the  ability  of  laser  systems  to  produce  ultrashort 
light  pulses  and  then,  through  the  electro-optic  effect,  sense 
electrical  waveforms.  Within  an  electro-optic  crystal,  the  elec¬ 
tric  fields  associated  with  circuit  voltages  induce  birefringence, 
causing  a  polarisation  change  to  incident  light.  When  the 
polarisation-modulated  light  is  passed  through  an  analysing 
polanser.  the  resulting  amplitude  modulation  is  proportional 
to  the  electric  field. 

Previous  sampling  experiments1'1  have  used  a  hybrid 


approach,  with  the  terminals  of  the  electrical  device  under  test 
connected  to  a  transmission  line  deposited  on  an  electro-optic 
crystal  While  this  approach  has  demonstrated  very  wide 
bandwidth  capabilities,  the  parasitic  reactances  associated 
with  the  device-crystal  interconnection  will  significantly 
degrade  device  performance  at  high  frequencies.  In  addition, 
points  internal  to  an  integrated  circuit  cannot  be  probed. 

GaAs  is  itself  electro-optic,  and  hence  sampling  can  be  per¬ 
formed  directly  in  the  substrate  of  a  GaAs  1C.  Kolner  and 
Bloom  have  used  a  longitudinal  geometry  to  sample  the  fring¬ 
ing  electric  fields  of  a  microstrip  transmission  line  deposited 
on  ilOOi-cut  GaAs  1  We  report  here  the  application  of  this 
geometry  (o  (he  measurement  of  microwave  signals  within  a 
GaAs  FET  travelling-wave  amplifier  iTWAl  Because  no 
external  electro-optic  crystal  is  connected  to  the  circuit,  device 
performance  is  undisturbed  and  arbitrary  points  within  the 
circuit  can  be  probed. 

Initial  demonstrations  of  electro-optic  sampling'  and  of 
direct  electro-optic  sampling  in  GaAs1  used  a  pump-probe 
technique,  where  the  measured  impulse  response  was  excited 
bv  fast  photodevices,  triggered  from  a  portion  of  the  same 
liaht  beam  that  provided  the  sampling  pulses  For  mans  cir¬ 
cuits  onew.tves  or  souarewaves  from  an  external  signal  gener¬ 
ator  are  more  appropriate  test  signals  than  arc  impulses  frt'm 
i  photodeTCv'  -  |-  "be  .-sternal  Mitnal  source  is  tuned  to  an 
exact  l'.i,M  1  ._  '.  a  nere  ’  ,s  the  pulse  repetition  rite  >1  a 
••■oilc  -  'he  harmonic  :t,  --no 


phase  of  the  external  generator  can  then  be  varied  with 
respect  to  the  laser  pulse  train  to  map  out  the  waveform. 

The  sampling  system  t  Fig  I)  consists  of  a  mode-locked 
Nd.YAG  laser  producing  I  06  ftm.  lOOps  pulses  at  an 
82  MHz  rate.  A  fibre-grating  pulse  compressor  shortens  the 
pulses  to  10  ps,  increasing  the  sampler  bandwidth/  The  beam 
is  focused  to  10  urn  diameter  next  to  a  transmission  line  on 
the  TWA.  The  light  is  reflected  off  the  metallised  back  of  the 
substrate,  collected  and  recollimated  with  the  focusing  lens, 
and  directed  through  an  analysing  polariser  on  to  a  photo¬ 
diode.  The  microwave  excitation  to  the  TWA  is  pulse- 
modulated  to  translate  the  measurement  from  DC  to  10  MHz, 
above  the  low-frequency  amplitude  noise  of  the  laser  A  spec- 
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Fig.  2  26  4  GHz  waveform  on  gate  line  of  travelling-wave  amplifier 
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Fig.  3  4  GHz  waveforms  on  dram  line  of  travelling-wave  amplifier  mea¬ 
sured  by  electro-optic  sampling 
Trace  A:  Normal  drain  bias 
Trace  B:  Reduced  drain  bias  causing  soft  clipping 


trum  analyser  acts  as  a  tixeu-lrequency  receiver  to  display  the 
wavelorm.  Since  the  spectrum  analyser  measures  only  signal 
magnitude,  we  inject  a  reference  10  MHz  carrier  in  phase  with 
the  receiver  photocurrent  to  reconstruct  a  bipolar  waveform. 

When  an  external  signal  source  is  used  the  phase  stability  of 
the  laser  with  respect  to  this  source  becomes  important.  The 
phase  noise  of  many  commercial  microwave  synthesisers  cor¬ 
responds  to  timing  jitter  of  less  than  l  ps.  However,  initial 
phase-noise  measurements5  indicate  timing  jitter  in  the  order 
of  10  ps  RMS  arising  from  the  laser  system.  To  combat  this 
noise  a  phase-locked  loop  was  implemented  around  the  laser, 
reducing  jitter  to  15  ps  RMS  and  providing  a  phase  reference 
for  relative  phase  measurements  and  signal  averaging. 

The  temporal  resolution  of  this  sampler  system  currently  is 
limited  by  the  optical  puisewidth  of  10  ps.  Other  resolution 
limits  include  the  electrical  transit  time  (ETT)  of  the  signal 
moving  past  the  spatial  extent  of  the  optical  beam,  the  optical 
transit  time  (OTT)  of  the  beam  as  it  passes  twice  through  the 
substrate  and  the  pulse-to-pulse  timing  jitter  of  the  laser.  The 
ETT  for  a  10  jim-diameter  beam  is  =0-1  ps  and  the  OTT  for 
the  100  jim  substrate  thickness  of  the  12  GHz  TWA  used  in 
these  experiments  is  2  4  ps.  Higher-frequency  devices  typically 
have  thinner  substrates  and  the  OTT  decreases.  The  fibre¬ 
grating  compressor  has  demonstrated  compression  of  mode- 
locked  Nd:YAG  to  less  than  1  ps.6  and  recent  work  in  this 
laboratory  indicates  the  jitter  of  the  laser  can  also  be  further 
reduced  to  less  than  1  ps.  Such  improvements  would  result  in 
a  system  bandwidth  of  roughly  400  GHz. 

Fig.  2  shows  a  signal  measured  on  the  gate  line  of  the 
TWA.t  Although  the  device  bandwidth  is  12  GHz.  signals  to 
26  GHz.  the  limit  of  our  microwave  source,  were  measured. 
Since  the  sampler  bandwidth  is  large  enough  to  include  har¬ 
monics  of  signals  in  the  device's  operating  range,  waveforms 
with  distortion  can  be  detected.  Fig.  3  shows  distortion  delib¬ 
erately  introduced  by  varying  the  device's  DC  bias.  By  lower¬ 
ing  the  drain-source  bias  voltage  the  gam  is  reduced  and 
clipping  is  observed  on  one  side  of  the  waveform.  Overdriving 
the  input  to  the  device  causes  forward  gate  conduction  as 
evidenced  by  the  waveform  of  Fig.  4. 

In  conclusion,  the  electro-optic  sampler  provides  a  tech¬ 
nique  for  noncontact,  noninvasive  signal  measurements  for 
high-frequency  circuits  and  devices.  Since  1  06  jim  optical 

*  Laboratory  prototype,  courtesy  of  Vanan  Associates 


pulses  as  short  as  1  ps.  and  laser  timing  jitter  as  small  as 
I  5  ps  have  been  demonstrated,  the  potential  bandwidth  of 
the  system  is  several  hundred  gigahertz.  This  sampling  tech¬ 
nique  is  adaptable  to  many  high-frequency  measurements,  is 
not  limited  to  the  transmission-line  reflection  geometry,  and 
has  application  to  both  analogue  and  digital  circuits.  Since 
vector  measurements  are  possible,  this  technique  forms  the 
basis  for  noninvasive  wideband  network  analysis. 
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Electro-optic  sampling  of  planar  digital  GaAs  integrated  circuits 
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We  report  a  new  electro-optic  sampling  configuration  which  allows  planar  digital  GaAs  circuits 
to  be  probed  noninvasively.  Our  technique  employs  a  novel  backside  reflecting  geometry,  in 
which  a  laser  beam  enters  the  GaAs  substrate  from  the  back  and  reflects  from  the  circuit 
metallization.  By  combining  the  electro-optic  effect  in  GaAs  with  sub-band-gap  (1.06  /rm) 
picosecond  pulses  from  a  continuous  wave,  mode-locked  neodymium:yttrium  aluminum  garnet 
laser,  we  are  able  to  make  wide-band  voltage  measurements  within  GaAs  integrated  circuits. 

Results  are  presented  of  signals  measured  on  the  2-^m-wide  on-chip  output  line  of  a  medium  scale 
integrated  multiplexer/demultiplexer  clocked  at  2.6  GHz. 

With  increasing  numbers  of  medium  and  large  scale  in-  voltage  difference  between  the  two  limits  of  integration — the 


tegrated  logic  circuits  that  operate  at  gigahertz  frequencies, 
an  urgent  need  has  arisen  for  measurements  of  digital  wave¬ 
forms  at  various  points  in  such  circuits.  Conventional  sam¬ 
pling  oscilloscopes  and  probe  stations  have  limited  band- 
widths  and  cannot  probe  on-chip  waveforms  noninvasively. 
Previous  electro-optic  sampling  systems  have  used  micro¬ 
strip  and  coplanar  transmission  line  structures  in  LiTaOj1-2 
as  well  as  GaAs  monolithic  microwave  integrated  circuits 
(MMIC).3,4  In  this  letter,  we  describe  a  new  approach  to 
electro-optic  sampling  of  GaAs  circuits  which  permits  non- 
invasive,  wide-band  measurements  of  voltage  levels,  inde¬ 
pendent  of  specific  conductor  geometries,  and  its  recent  ap¬ 
plication  to  a  high-speed  planar  medium  scale  integration 
(MSI)  logic  circuit. 

In  a  GaAs  crystal  the  electric  field  of  an  applied  signal 
induces  optical  birefringence  specified  by  an  ellipse  obtained 
from  the  intersection  of  the  plane  normal  to  the  direction  of 
propagation  with  the  index  ellipsoid  for  the  given  local  field 
configuration.5  For  GaAs,  a  crystal  of  the  zincblende  (43 m) 
structure,  the  ellipsoid  takes  the  form 

(x2  +  yt  +  zV/»o  +  2r4,(£Jt  yz  +  Ey  xz  +  Etx  y)  =  1, 

(1) 

where  x,  y,  and  z  are  along  the  [100],  [010],  and  [001]  axes 
respectively,  r4l  is  the  nonzero  element  of  the  electro-optic 
tensor  for  43m  crystals,  and  n0  is  the  index  of  refraction  for 
GaAs.6  In  GaAs  device  fabrication,  the  most  commonly 
used  substrate  orientation  is  ( 100).7  Hence,  in  our  geometry, 
shown  in  Fig.  1,  light  will  be  incident  along  [100]  and  will 
produce  an  index  ellipse  described  by 

( /  +  z2)/n2n  +  2 ritEx  yz  =  1,  (2) 

which  has  axes  y'  and  z'  at  45*  with  respect  to  y  and  z  and 
values 

ny  =no  +  { 1or*iE,, 

(3) 

n,.  =«o  —  \nlri\Ex. 

Note  that  in  this  geometry,  only  the  longitudinal  field  com¬ 
ponent  modulates  the  beam  optical  properties. 

As  the  optical  beam  propagates  through  the  crystal  (see 
Fig.  1),  the  birefringence  in  (3)  introduces  a  change  in  phase 
between  the  y  and  z'  components  of  the  light  proportional 
to  /  E,  dx.  This,  however,  may  be  recognized  as  simply  the 


metal  line  and  the  substrate  backside — since  voltage  is  just 
the  path-independent  line  integral  of  the  electric  field  from 
one  point  to  another.  In  high-speed  logic  circuits,  where  the 
thickness  of  the  crystal  substrate  is  typically  much  greater 
than  the  separation  between  metal  lines  on  the  surface,  the 
backside  is  essentially  at  zero  potential  and 
S  E„  dx  =  (r ).  The  minimum  detectable  voltage  for  this 
geometry  is  the  same  as  that  for  the  microstrip  geometry 
which  for  typical  photodiode  currents  is  22 /iV/v'Hz.3 

Several  advantages  of  this  novel  approach  are  evident 
when  compared  with  previous  electro-optic  sampling  tech¬ 
niques:  first,  any  conductor  geometry  can  be  probed  since 
the  measured  value  is  (t )  for  any  field  configuration;  sec¬ 
ond,  very  small,  closely  spaced  points  may  be  examined,  li¬ 
mited  only  by  the  spot  size  of  the  beam,  since  the  potential 
measured  is  that  on  the  conductor,  and  is  not  influenced  by 
the  potential  on  adjacent  lines.  Both  these  features  are  essen¬ 
tial  to  the  accurate  testing  of  medium  and  large  scale  integra¬ 
tion  circuits. 

The  key  components  of  the  measurement  system  are 
shown  in  Fig.  2.  Mode-locked  1.06  ^m  light  pulses  of  ap¬ 
proximately  10  ps  duration  and  repetition  rate  f0  =  82  MHz 
are  generated  from  a  commercially  available  neodymium: 
yttrium  aluminum  garnet  laser  in  conjunction  with  a  fiber¬ 
grating  pulse  compressor.8  The  light  beam  is  passed  through 
a  polarizing  beamsplitter  cube  and  focused  by  a  microscope 
objective  through  a  small  hole  in  the  integrated  circuit  car¬ 
rier  to  a  3  //m  spot  at  the  GaAs  surface.  After  reflection  from 
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FIG  1  New  sampling  geometry  forelectro-oplically  probing  planar  digital 
GaAs  integrated  circuits. 
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Fifor*  2:  Frontside  rejection  (toartry  for  probinf  G1A1  MMIC's. 


SAMPLING  OF  INTEGRATED  CIRCUITS 

Initial  demonstrations  of  electro-optic  sampling  (1)  and 
of  direct  electro-optic  sampling  in  GaAs  (3)  used  a  pump- 
probe  technique.  A  pulsed  laser  system  produces  short 
pulses  of  light  to  trigger  fast  photodiodes  or  photocondnc- 
tors  to  generate  electrical  waveforms.  Pulses  from  the  same 
laser  then  electro-optically  sample  the  electrical  response, 
and  by  varying  the  relative  delay  time  between  the  trigger 
and  the  probe  beams  to  the  circuit,  the  electrical  waveform 
is  mapped  in  time.  For  many  circuits,  however,  sinewaves 
or  square  waves  from  an  external  signal  generator  are  more 
appropriate  test  signals  than  are  impulses  from  a  photode¬ 
tector.  If  the  external  signal  source  is  tuned  to  an  exact 
harmonic  n/,  of  the  laser  pulse  repetition  rate  /»,  the  same 
point  on  the  circuit  waveform  is  sampled  every  nth  cycle. 
The  phase  of  the  signal  generator  is  then  varied  with  re¬ 
spect  to  the  laser  pulse  train  to  map  out  the  waveform.  In 
these  experiments,  the  microwave  signal  is  offset  a  few  herts 
from  n/t,  providing  a  continuous  phase  shift  to  display  the 
waveforms  in  real-time. 

A  cw  mode-locked  Nd:YAG  laser  provides  1.06  pm  light 
pulses  of  100  ps  duration  at  a  repetition  rate  /»  *  82  MBs 
which  are  shortened  to  5  pe  with  a  fiber-grating  pulse  com¬ 
pressor  (S).  After  interacting  with  the  device  under  test, 
the  phase-modulated  beam  is  directed  to  an  analysing  po¬ 
larizer  and  onto  a  photodiode  to  detect  the  amplitude  mod¬ 
ulation.  For  these  experiments,  the  signal  of  interest  is 
modulated  (typically  at  10  MBs)  to  bring  the  signal  above 
the  low-frequency  amplitude  noise  of  the  laser,  and  a  spec¬ 
trum  analyser  acts  as  a  fixed  frequency  receiver. 

When  an  external  signal  source  is  used,  the  phase  sta¬ 
bility  of  the  laser  with  respect  to  this  source  becomes  im¬ 
portant.  The  phase  noise  of  many  commercial  microwave 
synthesizers  corresponds  to  timing  jitter  of  less  than  1  ps. 
However,  initial  phase  noise  measurements  (6)  indicate  tim¬ 
ing  jitter  on  the  order  of  10  ps  rms  arising  from  the  laser 
system,  even  when  driven  with  a  very  stable  RF  signal. 


Firm  S:  Experimental  map  tor  probiaf  digital  GaA*  iatrgratrd  eir- 
eoiu. 


To  combat  this  noise  a  phase-lock-loop  was  implementeo 
around  the  laser,  reducing  the  jitter  to  2  ps  rms.  Long 
term  timing  drift  is  typically  a  few  picoseconds  per  minute, 
providing  good  timing  stability  for  relative  phase  measure¬ 
ments  and  signal  averaging. 

The  temporal  reeolution  of  this  sampler  system  is  cur¬ 
rently  limited  by  the  optical  pulse  width  of  5  pe.  Other 
resolution  limits  include  the  electrical  transit  time  (ETT) 
of  the  signal  moving  past  the  spatial  extent  of  the  optical 
beam,  the  optical  transit  time  (OTT)  of  the  beam  as  it 
passes  twice  through  the  substrate,  and  the  pulse-to-pulse 
timing  jitter  of  the  laser.  The  ETT  for  a  10  pm  diameter 
beam  is  as  0.1  pa  and  the  OTT  for  the  100  pm  substrate 
thickness  of  the  12  GHs  TWA  used  in  these  experiments 
is  2.4  pe.  Higher  frequency  devices  typically  have  thin¬ 
ner  substrates  and  the  OTT  decreases.  The  fiber-grating 
compressor  has  demonstrated  compression  of  mode-locked 
Nd:YAG  to  less  then  1  pe  (7),  and  recent  work  in  this  lab 
indicates  the  jitter  of  the  laser  can  also  be  further  reduced 
to  less  than  1  ps.  Such  improvements  would  result  in  a 
system  bandwidth  of  roughly  400  GHs. 

High  Speed  Planar  Digital  Circuits 

The  key  components  of  the  system  used  for  probing  of 
digital  circuits  (8)  are  shown  in  Figure  3.  The  light  beam  is 
passed  through  a  polarising  beamsplitter  cube  and  focused 
by  a  microscope  objective  through  a  small  hole  in  the  IC 
carrier  to  a  2.9pm  spot  (FWHM)  at  the  GaAs  surface.  Af¬ 
ter  reflection  from  the  conductor,  the  beam  is  recollimated 
by  the  objective,  and  the  returning  beam  is  deflected  by 
the  polarizing  beamsplitter  to  a  photodetector.  K  compen¬ 
sating  waveplate  biases  the  round-trip  polarization  shift  to 
A/4  for  maximum  sensitivity  at  the  receiver  photodiode. 
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Flfif*  Eleetro-optkalljr  sampled  serial  oatpat  waveform  of  a  2.6 
(i(tk«n  maltiplexer/demaltiplexrr  jast  before  the  oatpat  b offer  am- 
pliler.  The  parallel  iopas  word  is  11110100  (b0...b7). 


Wa  haw  applied  this  system  to  the  measurement  of  volt¬ 
age  waveforms  within  an  8-bit  multiplexer/demultiplexer 
(9)  clocked  at  2.8  GHs.  The  eight  parallel  input  lines  were 
set  by  a  bank  of  switches,  and  the  serial  output  signal  of 
the  multiplexer  on  a  2/tm  wide  line  leading  to  the  output 
buffer  stage  was  probed.  In  Figure  4  we  show  the  electro- 
optically  sampled  serial  waveform  that  corresponds  to  the 
parallel  input  word  11110100  (b0...b7).  The  relative  posi¬ 
tion  of  each  bit  could  be  confirmed  by  changing  the  setting 
of  the  bit  switches  and  observing  the  change  of  the  wave¬ 
form  in  real-time. 

Monolithic  Microwave  Integrated  Circuits 

The  MMIC  sampling  system  (10)  is  shown  in  Figure  5. 
The  beam  is  focused  to  10  microns  diameter  next  to  a  trans¬ 
mission  line  on  the  travelling  wave  amplifier  (TWA)  (11). 
The  light  is  reflected  off  the  metallised  back  of  the  sub- 
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Fifor*  6:  26  GHs  waveform  oa  fate  Use  of  TWA. 


strata,  collected  and  recollimated  with  the  focusing  lens, 
and  directed  through  an  analysing  polariser  onto  a  pho¬ 
todiode.  The  microwaw  excitation  to  the  TWA  is  pulse 
modulated  at  10  MHs  for  detection  by  a  spectrum  analyser 
to  display  the  time  waveform. 

Figure  6  shows  a  signal  measured  on  the  gate  line  of 
the  TWA  (11).  Although  the  device  bandwidth  is  12  GHs, 
signals  to  26  GHs,  the  limit  of  our  microwave  source,  were 
measured.  Since  the  sampler  bandwidth  is  large  enough  to 
include  harmonics  of  signal  in  the  device’s  operating  range, 
waveforms  with  distortion  can  be  detected.  Figure  7  shows 
distortion  along  the  drain  (output)  line  deliberately  intro¬ 
duced  by  overdriving  the  input. 
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measured  by  eleetro-optie  sampUn*  Nortnnl  waveform  at  0  ID m  input 
pow**,  distorted  waveform  at  IS  dBm.  Voitafe  stale  inverted 
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ABSTRACT 

irh  the  recent  demonstration  of  direct  electro¬ 
nic  sampling  of  GaAs  circuits,  a  new  method  to 
rdracterize  high-speed  monolithic  microwave  and 
igital  circuits  exists.  This  technique  uses 
:• cosecond  pulses  from  a  laser  to  non-lnvaslvely 
rooe  voltage  waveforms  at  points  Internal  to 
lonolithlc  circuits  with  a  measurement  bandwidth 
.1  excess  of  50  GHz.  This  paper  presents 
easurements  of  a  GaAs  MESFET  traveling  wave 
^olifier  and  an  8-blt  multiplexer/demultiplexer. 


INTRODUCTION 

7ecent  monolithic  microwave  Integrated  circuits 
.f'MIC's)  and  high-speed  logic  circuits  (1-2) 
r.xCeed  the  characterization  capabilities  of 
conventional  test  Instruments.  Sampling  oscillo¬ 
scopes  have  rise  times  of  25  picoseconds  (ps) 
while  network  analyzers,  with  added  external 
source  multipliers  and  mixers  and  complex  error 
correction  make  vector  measurements  to  about  100 
GHz.  Neither  system  can  probe  points  Internal  to 
a  circuit  without  serious  loading  effects. 


PROBE  BEAM 


Figure  1.  Front-side  reflection  geometry  suitable 
for  probing  MMIC  transmission  line.  Typical 
conductor  width  Is  less  than  40  um  and 
typical  substrate  thickness  is  100  pm. 


Ultrashort  pulse  laser  systems,  however,  can 
generate  light  pulses  of  less  than  10  femtoseconds 
duration  (3).  The  electro-optic  effect  provides  a 
way  to  use  such  short  optical  pulses  to  measure 
electrical  waveforms  (4-5).  The  electro-optic 
effect  in  GaAs  has  a  response  time  of  about  a 
femtosecond. 


ELECTRO-OPTIC  SAMPLING  DIRECTLY  IN  GaAs 

Since  gallium  arsenide  is  electro-optic  an  applied 
electrical  field  will  Induce  a  small  optical 
birefringence  In  the  GaAs  crystal.  Incident  light 
senses  this  birefringence  by  a  chz  ,3  In  its 
polarization.  A  polarizer  converts  the  change  In 
polarization  to  a  change  In  Intensity.  Due  to  the 
nature  of  the  electro-optic  tensor  In  GaAs  and  the 
longitudinal  probe  -  beam  geometry  used  (Fig.  1, 
Fig.  2),  this  change  In  Intensity  Is  proportional 
to  the  voltage  across  the  GaAs  substrate  (6-8). 

To  achieve  short  temporal  resolution,  a  cw  mode- 
locked  Nd:YAG/fiber-grat1ng  pulse  compressor 
system  (9)  producing  5  ps  pulses  of  1.06  um  light 
is  used  as  the  probe  beam.  Since  the  photon 
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Ffgure  2.  Back-side  reflection  geometry  suitable 
for  digital  or  analog  circuits  with  lumped-element 
interconnects.  Typical  conductor  width  is 
less  than  5  um  while  substrate  thickness  Is 
several  hundred  microns. 
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Figure  7.  Serial  output  word  measured  Internal  to 
the  circuit's  output  buffer.  The  clock  rate  Is 
2.6  GHz  and  the  multiplexed  word  Is  11110100. 


(jure  5.  Waveforms  at  the  gate  of  each  FET, 
nbered  from  input  (1)  to  output  (4).  Operating 
equency  is  8.2  GHz,  Input  power  Is  0  dBm. 
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Figure  6.  Distortion  at  the  second  FET  drain  at  Figure  8.  20  GHz  signals  measured  at  the  Input  of 

15  dBm  input  power.  the  TWA.  The  5  ps  optical  delay  is  generated  with 

a  stepper  motor. 

The  circuit  used  In  this  experiment  was  a 
red i urn- scale  integration  8-blt  multiplexer/demul¬ 
tiplexer  (WJX/OEMUX)  implemented  In  GaAs 
buffered-FET  logic  (13).  Figure  7  shows  a  typical 
waveform  measured  on  the  serial  output  line  of  the 

MJX  prior  to  the  output  buffer  stage. 
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Abttmct— Ekctrooptic  sampling  has  been  shown  to  be  a  very  pow¬ 
erful  technique  for  making  time-domain  measurements  of  fast  elec¬ 
tronic  devices  and  circuits.  Previous  embodiments  relied  on  a  hybrid 
connection  between  the  device  under  test  and  a  transmission  line  de¬ 
posited  on  an  electrooptic  substrate  such  as  LflbO,.  The  hybrid  nature 
of  this  approach  leads  to  device  packaging  difficulties  and  can  result  in 
measurement  inaccuracies  and  performance  degradation  at  very  high 
frequencies.  Since  GaAs  is  ekctrooptic  and  an  attractive  material  for 
high  speed  devices,  we  have  devised  an  approach  of  direct  ekctrooptic 
sampling  of  voltage  waveforms  in  the  host  semiconductor.  In  this  paper, 
we  review  the  principles  and  limitations  of  ekctrooptic  sampling  and 
discuss  this  new  noninvasive  technique  for  electronic  probing  with  ap¬ 
plications  to  characterizing  high  speed  GaAs  circuits  and  devices. 

I.  Introduction 

HE  speed  of  solid-state  electronic  and  optoelectronic 
devices  has  steadily  increased  over  the  years,  contin¬ 
ually  challenging  our  ability  to  measure  them.  Indeed,  the 
improvements  in  instrumentation  have  often  been  driven 
by  these  constant  advances  in  device  performance.  Sam¬ 
pling  oscilloscopes  can  resolve  risetimes  approaching  25 
ps,  but  state-of-the-an  transistors  employing  novel  struc¬ 
tures  have  already  broken  the  10  ps  barrier  [1]  and  pho- 
toconductive  switches  have  been  demonstrated  with  sub¬ 
picosecond  response  times  [2]. 

On  the  other  hand,  techniques  for  ultrashort  optical 
pulse  generation  and  measurement  have  improved  at  an 
even  faster  rate  and,  today,  light  pulses  as  short  as  8  fs 
have  been  generated  [3].  The  question  of  how  to  utilize 
these  ultrashort  light  pulses  to  make  electrical  measure¬ 
ments  has  been  addressed  by  several  workers  over  the 
years  using  a  variety  of  methods  [4] -[7],  Recently,  a  new 
electrooptic  sampling  technique,  first  reported  by  Vald- 
manis  et  al. ,  was  used  to  repetitively  sample  the  electric 
field  below  a  transmission  line  excited  by  a  photoconduc- 
tive  switch  [8].  Later.  Kolner  et  al.  demonstrated  a  similar 
system  which  was  used  to  characterize  the  performance  of 
a  100  GHz  bandwidth  GaAs  Schottky  photodiode  [9]. 

We  have  recently  employed  this  electrooptic  sampling 
technique  to  directly  probe  electrical  waveforms  propa¬ 
gating  on  a  GaAs  substrate  containing  active  devices  and 
transmission  line  structures  [10],  [11].  Our  approach 
eliminates  the  need  for  hybrid  connections  between  the 
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device  under  test  and  an  external  electrooptic  crystal  thus 
allowing  noncontact,  noninvasive  optical  probing  of  GaAs 
circuits  with  picosecond  time  resolution. 

In  this  paper,  we  review  the  basic  principles  of  elec¬ 
trooptic  sampling  and  the  factors  that  influence  the  ulti¬ 
mate  time  resolution  and  voltage  sensitivity.  Second,  we 
discuss  methods  of  noninvasive  probing  of  microwave  and 
digital  GaAs  integrated  circuits  by  using  phase-lock  tech¬ 
niques  to  synchronize  a  mode-locked  laser  to  a  microwave 
synthesizer  and  electrooptically  sample  a  circuit  in  a  man¬ 
ner  analogous  to  a  sampling  oscilloscope.  Finally,  we 
present  the  results  of  measurements  made  on  a  GaAs  mon¬ 
olithic  microwave  integrated  circuit  (MMIC)  that  demon¬ 
strates  the  power  and  flexibility  of  this  new  technique. 

II.  Approaches  to  Noninvasive  Electrical 
Measurements 

Most  previous  electrooptic  sampling  systems  relied  on 
a  hybrid  connection  between  the  device  under  test  and  a 
transmission  line  formed  on  an  electrooptic  substrate  such 
as  LiTa03  [8],  [9],  [12]— [14].  The  electric  field  of  the 
transmission  line  was  then  probed  transversely  [Fig.  1(a)] 
with  ultrashort  optical  pulses  from  a  mode-locked  laser. 
Although  these  systems  demonstrated  outstanding  speed 
and  sensitivity,  their  hybrid  nature  represents  a  compro¬ 
mise  when  very  wide  bandwidth  measurements  are  antic¬ 
ipated.  The  physical  connection  between  the  device  under 
test  and  an  LiTaOj  transmission  line  will,  for  example, 
introduce  parasitic  capacitances  and  inductances  that  could 
seriously  affect  the  accuracy  of  the  measurement.  One  ap¬ 
proach  that  attempted  to  minimize  the  effects  of  this  tran¬ 
sition  was  to  form  a  coplanar  transmission  line  at  the  ac¬ 
tive  device  and  continue  the  line  to  the  edge  of  the 
substrate  where  a  coplanar  transmission  line  on  LiTa03 
with  exactly  the  same  dimensions  was  joined  [  15] .  In  this 
case,  the  active  device  was  a  photoconductive  switch 
formed  on  a  Cr-doped  GaAs  substrrte.  Although  the  phys¬ 
ical  dimensions  of  the  coplanar  lines  were  exactly 
matched,  the  large  discontinuity  in  dielectric  constants 
(«,(GaAs)  =  12.3,  «,(LiTa03)  =  43),  implies  that  a  mode 
mismatch  and  reactive  energy  storage  effects  occur  at  the 
boundary  [16]. 

Another  approach  to  electrooptic  sampling  in  LiTaO} 
relied  on  placing  the  electrooptic  crystal  in  contact  with 
(or  close  proximity  to)  the  transmission  line  to  be  sampled 
[14],  [17],  The  sampling  beam  was  passed  through  the 
crystal  where  fringing  fields  from  the  transmission  line 
produced  the  phase  retardation.  Using  this  method,  a  sam¬ 
pling  crystal  can  be  positioned  anywhere  on  a  circuit  where 
a  measurement  is  to  be  made,  thereby  avoiding  a  hard- 
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Fig.  2.  Liglu  intensity  versus  net  phase  retardation  T  or  applied  voltage  V 
for  a  Pockels  cell  light  modulator.  Static  retardation  r„  shown  at  quarter- 
wave  bias  point  with  signal  term  as  a  perturbation. 


mitted  light  intensity  to  the  applied  voltage  and  is  given 
by 


where  F0  is  the  static  phase  retardation  and  AT  is  the  ad¬ 
ditional  retardation  induced  by  the  applied  electric  field 
(Fig.  2).  The  static  phase  retardation  plays  an  important 
role  as  the  operating  point  or  “bias  point."  In  order  to 
maintain  the  most  linear  relationship  between  the  applied 
voltage  and  the  transmitted  light  intensity,  the  modulator 
must  be  biased  such  that  T0  =  *72.  This  point  is  usually 
referred  to  as  the  quarter-  wave  bias  point  because  it  cor¬ 
responds  to  a  net  quarter  wave  of  phase  shift  between  the 
two  polarization  components  of  the  optical  beam.  The 
voltage  required  to  switch  the  modulator  from  the  “off” 
to  the  “on"  state  is  similarly  known  as  the  half-wave 
switching  voltage  (Ff)  and  corresponds  to  a  total  retar¬ 
dation  of  x  radians.  Thus,  at  the  quarter-wave  bias  point, 
we  can  write  (1)  as 


/  =  |(1  +  sin  AD  =  ^(l 


+  sin  t  — 


The  basic  components  of  an  electronptic  sampling  sys¬ 
tem  are  illustrated  in  Fig.  3.  In  this  arrangement,  the  im¬ 
pulse  response  of  a  high  speed  GaAs  Schottky  photodiode 
is  to  be  measured.  The  photodiode  has  been  connected  to 
a  microstrip  transmission  line  deposited  on  an  electrooptic 
crystal  which,  together  with  a  polarizer  and  orthogonally 
oriented  analyzer,  constitutes  the  Pockels  cell  light  mod¬ 
ulator.  A  train  of  picosecond  optical  pulses  from  a  mode- 
locked  laser  is  split  into  three  beams  with  the  first  beam 
incident  on  a  scanning  autocorrelator  used  for  laser  diag¬ 
nostics.  The  second,  lower  beam  is  used  to  illuminate  the 
photodiode  under  test  which  injects  a  current  pulse  onto 
the  transmission  line  with  each  optical  pulse.  If  the  du¬ 
ration  of  the  optical  pulse  is  short  compared  to  the  impulse 
response  of  the  photodiode,  then  the  propagating  electric 
field  represents  the  photodiode  impulse  response.  A  high 
frequency  electrooptic  modulator  has  been  included  in  the 
excitation  path  to  put  modulation  sidebands  on  the  pho¬ 
tocurrent  so  that  a  narrow-band  receiver  can  be  used  to 
improve  the  signal-to-noise  ratio  (Section  IV).  The  re¬ 
maining  pulses  in  the  upper  beam  are  routed  through  a 
delay  leg  so  that  when  they  arrive  at  the  transmission  line. 
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Fig.  3.  Schematic  diagram  ol  the  electrooptic  sampling  system  used  to 
characterize  high  speed  GaAs  photodiodes. 

they  will  exactly  coincide  with  the  photocurrent  waveform 
produced  by  a  replica  of  that  same  pulse.  As  each  pulse 
passes  through  the  electric  field  beneath  the  line,  it  inter¬ 
acts  with  a  small  portion  of  the  photocurrent  waveform 
and  experiences  a  modulation  proportional  to  the  ampli¬ 
tude  of  the  field  there.  For  a  fixed  path  delay  between  the 
two  beams,  the  pulses  “sample"  only  one  portion  of  the 
waveform  and  thus  the  average  power  in  the  sampling  beam 
is  constant.  Now,  if  the  delay  is  adjusted  so  that  the  sam¬ 
pling  beam  path  is  slightly  longer,  then  the  sampling  pulses 
will  arrive  at  the  transmission  line  a  little  later  and  inter¬ 
act  with  a  later  portion  of  the  photocurrent  waveform.  As 
a  result,  the  average  power  in  the  sampling  beam  will  be 
different,  representative  of  the  magnitude  of  the  photo- 
current  at  that  later  point  in  time.  By  adjusting  the  relative 
path  lengths  between  the  excitation  and  sampling  beams, 
the  equivalent  impulse  response  of  the  high  speed  photo¬ 
diode  is  mapped  out  in  terms  of  the  average  sampling  beam 
power  exiting  the  Pockels  cell. 

Adjustment  of  the  relative  path  delay  can  be  accom¬ 
plished  in  several  ways.  The  most  common  method  is  to 
mount  a  cube-corner  reflector  on  a  mechanically  driven 
stage  and  route  either  beam  through  it.  An  alternative  ap¬ 
proach  is  to  use  a  spinning  prism  assembly  in  which  the 
beams  are  refracted  through  varying  path  lengths.  This, 
however,  requires  a  greater  length  of  glass,  producing  dis¬ 
persion  as  well  as  linearity  problems.  Another  solution  is 
to  use  two  picosecond  light  sources  running  at  slightly  dif¬ 
ferent  pulse  rates.  The  sampling  puises  constantly  “walk" 
through  the  excitation  pulses  and  no  moving  parts  are  re¬ 
quired.  Regardless  of  the  approach,  the  rate  at  which  the 
measured  waveform  is  acquired  determines  the  bandwidth 
presented  at  the  sampler  output.  As  we  will  see,  most  of 
the  system  noise  contributions  have  uniform  power  spec¬ 
tral  densities,  thus  narrower  bandwidths  and  slower  scan 
rates  give  higher  signal-to-noise  ratios. 

Fig.  4  shows  a  detailed  view  of  the  interaction  between 
the  propagating  microwave  field  E.(x,  y ,  z.  t)  and  the  op¬ 
tical  sampling  pulse  l(x,  v,  z,  t).  In  this  diagram,  a  mi- 
crostrip  transmission  line  supports  a  -t-y-propagating  elec¬ 
tric  field  interacting  with  a  +x-propagating  sampling 
pulse.  A  variable  time  delay  r  is  included  in  the  arrival 
time  of  the  sampling  pulse.  The  output  signal  intensity 
/,lg(f.  r)  represents  the  sampling  pulse  profile  after  being 
affected  by  the  field-induced  phase  retardation.  When  there 
is  no  overlap  between  the  fields,  /,(|(r,  r)  =  0.  Since  the 
slow  photodiode  measuring  the  sampling  beam  power  can- 
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where  nUc  is  the  optical  transit  time  through  the  trans¬ 
mission  line  electric  field. 

B.  Electrical  Transit  Time  Effect 

The  OTT  accounted  for  the  degradation  of  the  impulse 
response  due  to  the  sampling  beam  propagating  across  the 
width  of  the  transmission  line  and  the  resultant  impulse 
response  was  calculated  by  assuming  that  all  fields  had 
inifinitesimal  spatial  and  temporal  extent  except  for  the 
width  of  the  transmission  line  field.  The  electrical  transit 
time  effect  (ETT)  accounts  for  the  degradation  of  the  im¬ 
pulse  response  due  to  the  electrical  waveform  propogating 
across  the  radial  profile  of  the  sampling  beam.  In  order  to 
calculate  the  ETT.  we  assume  that  all  fields  are  infinites¬ 
imal  except  for  the  radial  profile  of  the  sampling  beam. 
From  (3)  the  impulse  response  becomes 

U(T) ett  =  1(0,  uyr,  0).  (9) 

This  time,  the  beam  waist  profile  in  the  y  direction  is 
mapped  as  a  function  of  the  time  delay  r.  If  we  assume  a 
lowest  order  Gaussian  mode  with  spot  size  2w,  the  im¬ 
pulse  response  can  be  written 

^Mett  *  exp  T2)  (10) 

where  is  the  effective  dielectric  constant  of  the  trans¬ 
mission  line.  The  pulse  width  at  half  maximum  is 


laser  pulse  to  drive  the  photodiode  as  well  as  to  measure 
its  response.  We  saw  that  the  sampling  system  impulse 
response  was  a  cross  correlation  between  the  spatial  pro¬ 
files  of  the  traveling  electric  fields  and  the  sampling  optical 
fields.  When  the  transmission  line  is  driven  by  a  photo¬ 
diode.  the  voltage  on  the  line  is  the  convolution  between 
the  excitation  pulse  I(t)  and  the  photodiode  impulse  re¬ 
sponse  /t(f).  Thus,  we  can  write  the  sampler  output  signal 
as 

V(r)  -/(!)*(/(')*  *(01  (16) 

where  ★  indicates  cross  correlation  and  *  indicates  con¬ 
volution.  Since  the  operations  of  convolution  and  corre¬ 
lation  are  associative  [251,  we  can  rewrite  (16)  as 

V(t)  =  [/(r)  ★  /(/))  *  hit).  (17) 

Hence,  we  find  that  the  system  response  is  given  by  the 
convolution  of  the  autocorrelation  function  of  the  laser 
pulse  [/(f)  ★  /(f)l  with  the  photodiode  impulse  response. 
Since  we  have  an  independent  method  of  measuring  the 
autocorrelation  function  using  second  harmonic  genera¬ 
tion  [26],  we  can  deconvolve  the  contribution  of  the  opti¬ 
cal  pulse  width.  The  deconvolution  can  easily  be  earned 
out  using  Fourier  transform  techniques;  however,  noise 
will  be  introduced  into  the  calculation  at  very  high  fre¬ 
quencies  where  both  the  measured  waveform  spectrum  and 
the  autocorrelation  spectrum  have  rolled  off  considerably. 


Atctt  —  —  V2  In  2eefr  (11) 

c 

and,  by  applying  a  Fourier  transform,  we  obtain  a  Gauss¬ 
ian  frequency  response  with  -3  dB  bandwidth 


D.  Practical  Resolution  Limitations 

We  can  now  calculate  the  transit  times  in  the  sampling 
system  for  a  typical  microstrip  transmission  line  on  a  GaAs 
MMIC.  Using  the  parameters 


/-JdBrrr 


/jn2  c 

\  feff 


(12) 


C.  Optical  Pulsewidth  Limit 

The  effect  of  using  a  finite  time  width  sampling  pulse 
on  the  system  resolution  is  intuitively  obvious.  The  time 
duration  of  the  sampling  pulse  is  a  finite  “window” 
through  which  all  field  measurements  are  made.  Again,  if 
we  assume  all  dimensions  shrink  to  infinitesimal  values 
and  apply  the  sifting  property  to  (3),  the  impulse  response 
due  to  a  finite  optical  pulsewidth  (OPW)  is 

U(r)orw  ~  /(— tijT,  0,  0).  (13) 

As  expected,  the  optical  envelope  is  mapped  out  via  the 
time  delay  r.  For  a  Gaussian  time  waveform  with  pulse¬ 
width  r0  (FWHM)  the  impulse  response  is 

U(r)OFW  =  exp  (-4  In  2(t/t0)2).  (14) 

Transformation  to  the  frequency  domain  yields  a  system 
bandwidth  of 


0  441 

/-JdBo~  -  —  05) 

TO 

There  is  an  interesting  consequence  of  using  the  same 


h  =  100  *im 
w  =  5  um 
n  =  3.5 

eefT  *  9 


(substrate  thickness) 

(beam  radius) 

(optical  index) 

(effective  dielectric  constant)  (18) 


we  obtain  the  following  resolution  limits; 

Atott  =  2.3  ps  /-jdBorT  =  190  GHz 

At ett  =  60  fs  /-3dBrrr  =  5.3  THz.  (19) 

The  optical  transit  time  effect  dominates  because  of  the 
high  index  of  GaAs  and  the  double  pass  through  the  sub¬ 
strate. 

In  principle,  there  is  a  way  to  reduce  or  eliminate  the 
transit  time  effects.  If  a  component  of  the  microwave  group 
velocity  can  be  matched  with  a  similar  component  of  the 
sampling  beam,  at  least  one  of  the  transit  times  can  be 
eliminated  [8].  In  Fig.  4,  if  we  tilt  the  sampling  beam  with 
respect  to  the  transmission  line,  the  y-component  of  the 
group  velocities  can  be  matched  and  the  optical  transit  time 
effect  disappears.  This  technique  is  effective  in  the  trans¬ 
verse  LiTaOj  sampler  but  in  GaAs  the  microwave  and  op¬ 
tical  velocities  are  nearly  the  same  and  the  sampling  beam 
would  have  to  be  tilted  below  the  critical  angle,  thus  pre- 
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where,  for  convenience,  we  assume  the  device  produces  a 
sinusoidal  signal  at  a  frequency  u..  V0  is  the  peak  voltage 
on  the  line  and  m  is  the  modulation  index.  Notice  that  this 
is  an  asymmetrical  driving  function;  the  deviation  from 
static  retardation 


AT  = 


(31) 


is  positive  only. 

Combining  (29)— (31 )  we  can  write  the  total  photocur¬ 
rent  as 


-  co sfo  +  r- 


sin  r0 


(32) 


By  expanding  the  sin2  term,  we  can  separate  out  the  av¬ 
erage  term  and  the  time  varying  term  since  they  contrib¬ 
ute  to  the  received  noise  power  and  signal  power,  respec¬ 
tively. 


i  =  is 
**»«  2 


1  -  cos  r0  +  T  —  1  -  -  sin  r0 


(33) 


*o  K 

*  m  ^  r  y  cos  uj  sin  r0.  (34) 

If  we  assume  that  the  modulation  index  is  maximum  (m 
*  1),  then  the  mean-square  shot  noise  current  density  is 

iss  «  2 qi„%  =»  qipfl  -  cos  T0  +  *  y  sin  (35) 


STATIC  RETARDATION  T0 

Fig.  6.  Signil-io-noise  ratio  versus  static  phase  retardation  f„  Tor  various 
photodiode  load  resistances.  Curves  are  drawn  for  GaAs  assuming  I  V 
on  the  transmission  line,  a  maximum  receiver  photocurrcnt  of  20  mA 
and  a  bandwidth  of  I  Hz. 


STATIC  RETARDATION  T0 


and  the  mean-square  signal  current  is 

—  a  (*yo\2  . 

it.  =  —  —  SI 


■u* 


32  V  V,  ) 


sin*  r0. 


We  can  now  write  the  signal-to-noise  ratio  as 

,  2 

I  n  /TKa' 

J/iV 


*o  (*K\ 

32 qB  \Vt) 


sin2  r0 


i0^l  -  cos  T0  +  ^  ~  sin  +  4 kTlqRL 


(36) 


(37) 


We  have  purposely  left  the  static  retardation  T0  as  a  free 
parameter  in  this  equation  so  that  we  may  study  its  effect 
on  the  signal-to-noise  ratio  [27] .  Fig.  6  displays  (37)  plot¬ 
ted  as  a  function  of  T0  with  various  values  of  RL  from  1  fl 
to  10K  fl  including  RL  —  ».  We  see  that  when  shot  noise 
dominates  (Rt  -*  »),  the  signal-to-noise  ratio  improves 
by  a  factor  of  two  as  r0  -*  0  compared  to  operating  at  the 
quarter-wave  bias  point  T0  =  t/2.  However,  as  T0  is  re¬ 
duced,  so  is  the  signal.  If  a  finite  load  resistance  is  in¬ 
cluded.  at  some  point  the  Johnson  noise  will  be  compa¬ 
rable  with  the  signal  and  the  signal-to-noise  ratio  will 
reduce  as  T0  is  reduced.  This  trend  is  evident  in  Fig.  6. 

The  factor  irV0l2Vr  sin  T0  in  the  denominator  of  (37) 


Fig.  7.  Minimum  detectable  voltage  Vm„  versus  sutic  retardation  r„  for  the 
same  load  resistances  as  in  Fig.  6.  Curves  are  drawn  for  GaAs  assuming 
a  maximum  receiver  photocurrent  of  20  mA  and  a  bandwidth  of  I  Hz. 


arises  as  a  contribution  to  the  average  current  (and  hence 
the  shot  noise)  because  of  the  asymmetrical  modulation  of 
the  transmission  line  waveform  (i.e.,  the  voltage  on  the 
transmission  line  is  always  positive  so  the  average  optical 
power  is  increased).  The  magnitude  of  this  term  is  only 
significant  for  very  large  values  of  V0IVT  (2  10-3)  and 
then  it  only  makes  a  difference  for  very  small  values  of 
r0.  Calculations  show  that  when  Vp!Vr  is  increased  from 
10_<  to  10" \  the  coefficient  to  the  right  of  (K0/KT)2  in  (37) 
is  reduced  by  half.  However,  the  total  signal-to-noise  ratio 
has  increased  by  0.5  x  106  and,  hence,  this  effect  can  be 
neglected  (recall  that  for  typical  signals,  K0  «  VT). 

With  this  approximation  in  mind,  we  set  (37)  equal  to 
one  and  solve  for  voltage  Vmn  which  represents  the  mini¬ 
mum  detectable  voltage  (normalized  to  1  Hz  bandwidth). 


8  yt  i0  sin2  r0/2  +  2 kTlqRL 
ip  r  sin2  T0 


vi-Jhz. 


(38) 

It  is  interesting  to  explore  the  variation  in  the  minimum 
detectable  voltage  with  r0.  This  is  presented  in  Fig.  7 
where  Vmn  is  plotted  versus  r0  for  the  same  load  resis- 
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where  d  is  the  beam  diameter  and  f  is  the  dielectric  per¬ 
mittivity.  In  our  sampling  geometry  where  the  probe  beam 
enters  through  the  top  of  the  (100)  grown  GaAs  wafer  and 
reflects  off  the  ground  plane,  d  is  replaced  by  the  substrate 
thickness  h  and  (46)  becomes 

VXt)  =  IU)  (47) 

tc 

where  /(r)  is  the  intensity  envelope  of  the  sampling  pulse. 
For  simplicity,  we  assume  l(t)  is  triangular  in  shape  with 
pulsewidth  r  and  peak  value  /0.  Solving  (45)  with  (47)  as 
the  driving  function  results  in  a  peak  voltage 

W  =  /„  —  [1  -  exp  (- rlRC )]  (48) 

ec  r 

appearing  on  the  transmission  line.  Thus,  using  the  fol¬ 
lowing  parameters  appropriate  for  a  100  pm  thick  GaAs 
MMIC 

r«,  =  1.2  x  10' n  m/V 
n  -  3.44 
d  -  10  pm 
e  =  12.3  x  E0 
/0  =  6.4  x  107  W/cnr 
RC  =  2.1  fs 
r  =  5  ps 
h  =  100  iim 
we  calculate  a  peak  voltage  of 

K0(0)  *  41  MV. 

This  is  very  small  compared  to  typical  voltages  to  be 
measured  in  the  electrooptic  sampler,  yet  it  is  comparable 
to  the  minimum  detectable  voltage  in  a  1  Hz  receiver 
bandwidth.  It  is  interesting  to  note  that  this  signal  is  being 
produced  at  the  same  rate  as  the  sampling  pulses  and  if 
the  waveform  being  measured  has  a  chopping-frequency 
component,  then  the  optical  rectification  signal  will  never 
be  detected. 

In  spite  of  the  weak  effect,  optical  rectification  from 
femtosecond  pulses  is  currently  being  investigated  as  a 
source  of  far-infrared  radiation  for  transient  spectroscopy 
in  a  series  of  elegant  experiments  by  Auston  et  al.  [30] 
and  Cheung  and  Auston  [31]. 

V.  Electrooptic  Sampling  in  GaAs 
A.  Electrooptic  Effect  in  GaAs 

Gallium  arsenide  belongs  to  the  cubic  zincblende  group 
with  crystal  symmetry  43m.  The  electrooptic  tensor  for 
this  group  has  the  form 
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When  an  electric  field  is  applied  to  the  crystal,  a  bire¬ 
fringence  is  induced  and  the  initially  spherical  index  ellip¬ 
soid  is  distorted.  The  intersection  of  the  index  ellipsoid 
and  a  plane  normal  to  the  direction  of  optical  propagation 
defines  an  ellipse  whose  major  and  minor  axes  give  the 
allowed  polarization  directions  and  the  associated  indices 
of  refraction.  For  GaAs,  the  ellipsoid  is  described  by 

- - - —  +  2r4,(£Iyz  +  £vzx  +  E.xy)  =  1  (50) 

no 

where  x,  y,  and  z  are  parallel  to  the  crystallographic  axes 
[100],  [010],  and  [001],  respectively. 

The  most  common  orientation  for  GaAs  wafers  in  the 
integrated  circuits  industry  is  (100)  (i.e.,  the  normal  to 
the  wafer  surface  is  in  the  [100]  direction)  [32],  Since  the 
most  convenient  geometry  for  optical  probing  is  one  in 
which  the  beam  enters  the  wafer  normal  to  its  surface,  we 
investigate  the  index  ellipse  for  [100]  propagation.  In  the 
x  =  0  plane,  we  have 

yi  +  z2 

- 5 —  +  2r41£,yz  *  1  (51) 

no 

which  has  principal  axes  y'  and  z'  at  45°  with  respect  to 
y  and  z  and  corresponding  indexes  [33] 

n'y  =  n0  +  $  r$r4l  E, 

ni  *  «o  “  i  nlr4lEj.  (52) 

Note  that  for  light  incident  along  x,  only  the  x  component 
of  the  applied  electric  field  contributes  to  the  induced  bi¬ 
refringence.  Thus,  for  an  arbitrary  electric  field  distribu¬ 
tion  in  a  (100)  wafer  of  GaAs,  the  single  pass  phase  retar¬ 
dation  is  given  by 

r  =  y  n^4.  Vn  (53) 

where  V,:  is  the  potential  difference  between  the  front  and 
back  side  of  the  wafer.  For  the  microstrip  transmission 
line  geometry  of  Fig.  1(b),  a  focused  beam  of  light  which 
enters  the  GaAs  wafer  at  a  point  adjacent  to  the  top  con¬ 
ductor  and  reflects  from  the  ground  plane  experiences  a 
round  trip  retardation  of 

T  =  y  nlr4]  V  (54) 

where  V  is  the  potential  of  the  top  conductor. 

For  light  propagating  along  x,  the  result  of  (53)  is  com- 
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beam  (Fig.  10).  Because  the  excitation  pulses  were  de¬ 
rived  from  the  sampling  beam,  this  method  is  free  from 
timing  jitter. 

D.  Experimental  Results 

1 )  GaAs  Reflectance  Modulator:  The  first  step  toward 
demonstrating  a  high  speed  sampling  system  in  GaAs  was 
to  demonstrate  a  basic  low-frequency  electrooptic  modu¬ 
lator  [44]-[46].  Choosing  the  longitudinal  interaction  ge¬ 
ometry  as  a  test  case,  a  simple  reflectance  modulator  was 
constructed  in  order  to  verify  the  sensitivity  of  the  fring¬ 
ing  field  interaction. 

At  1.5  mw  HeNe  laser  operating  at  1.15  p.m  was  used 
as  the  infrared  source.  The  linearly  polarized  output  was 
converted  to  circular  polarization  with  a  Soliel-Babinet 
compensator  adjusted  for  quarter  wave  retardation.  The 
beam  was  focused  with  a  standard  5  x  microscope  objec¬ 
tive  onto  a  GaAs  wafer  adjacent  to  a  microstrip  transmis¬ 
sion  line  where  it  entered  the  crystal  and  reflected  off  the 
ground  plane  on  the  back  side.  After  the  beam  exited  the 
crystal,  the  microscope  objective  recollimated  it  parallel 
to  the  incident  beam  and  slightly  displaced  where  a  mirror 
directed  it  to  the  analyzer  and  photodiode.  The  transmis¬ 
sion  line  was  driven  with  a  sine  wave  generator  with  1  V 
peak-to-peak  amplitude  at  a  frequency  of  1  kHz. 

Taking  into  account  the  30  percent  Fresnel  reflection  of 
the  incident  light  from  the  surface  of  the  GaAs,  we  mea¬ 
sured  a  half-wave  switching  voltage  of  10.5  kV.  This  is  a 
factor  of  two  high  and  the  error  may  have  to  do  with  the 
nature  of  the  distribution  of  the  fringing  fields  (i.e.,  the 
potential  is  lower  immediately  adjacent  to  the  transmis¬ 
sion  lines).  Also,  if  a  large  spot  size  is  used  and  is  cen¬ 
tered  on  the  fringing  field,  some  of  the  beam  might  be 
reflected  by  the  top  conductor  of  the  transmission  line, 
reducing  the  electrooptic  interaction. 

As  the  optical  beam  was  moved  away  from  the  trans¬ 
mission  line,  the  signal  diminished  as  expected  due  to  the 
local  confinement  of  the  electric  fields.  However,  when  an 
additional  visible  HeNe  laser  (X  =  632  nm)  was  used  to 
flood-illuminate  the  surface  of  the  GaAs  in  the  vicinity  of 
the  sampling  beam,  the  signal  returned  to  its  original 
value.  This  suggests  that  a  conductive  surface  is  being 
photogenerated  and  that  charge  from  the  transmission  line 
is  accumulating  there,  reestablishing  an  electric  field  in 
the  sampling  beam.  The  photoconductive  surface  may  play 
an  important  role  in  future  measurements  because  it  can 
be  used  to  optically  alter,  or  introduce,  new  conductive 
patterns  on  any  GaAs  wafer.  This  might  be  useful  for  in¬ 
troducing  known  reflections  as  timing  markers  in  time  do¬ 
main  reflectometry  measurements,  or,  as  a  way  of  rapidly 
designing  new  transmission-line  structures  without  inter¬ 
mediate  processing  steps. 

2)  Photodiode  Characterization:  In  this  experiment, 
we  measured  the  impulse  response  of  a  GaAs  photodiode 
that  was  excited  by  the  second  harmonic  of  the  sampling 
beam  (10).  Although  the  photodiode  made  a  hybrid  con¬ 
nection  to  the  GaAs  microstrip  transmission  line,  the  prin¬ 
ciple  of  excitation  and  sampling  of  an  active  GaAs  device 
was  demonstrated. 


DOUBLING  OiCHftOiC 


Fig.  II.  Schematic  diagram  of  an  electrooptic  sampling  system  for  d'rect 
probing  in  GaAs  substrates. 


Fig.  12.  impulse  response  of  a  50  pm  diameter  GaAs  photodiode  measured 

by  electrooptic  sampling  of  a  GaAs  microstnp  transmission  line  (hori¬ 
zontal:  50  ps/div;  vertical:  “  10  mV/div). 

The  experimental  set  up  is  indicated  schematically  in 
Fig.  11.  It  functions  in  an  identical  manner  to  the  appa¬ 
ratus  shown  in  Fig.  3,  but  with  a  different  optical  source. 
Instead  of  a  synchronously  pumped  dye  laser,  we  used  a 
Spectra-Physics  model  3000  Nd :  YAG  laser  in  conjunction 
with  a  model  3600  pulse  compressor  to  produce  a  train  of 
5  ps  pulses  at  a  rate  of  82  MHz.  The  doubling  crystal  was 
KTP  and  an  acoustooptic  modulator  was  used  to  chop  the 
excitation  beam  at  20.9  MHz.  Fig.  12  shows  the  impulse 
response  of  a  50  jtm  diameter  GaAs  Schottky  photodiode 
(47)  measured  with  this  system. 

3)  MMIC  Testing:  The  real  power  and  flexibility  of  our 
sampling  approach  can  be  demonstrated  best  when  ap¬ 
plied  to  measurements  made  in  complex  integrated  cir¬ 
cuits.  Weingarten  and  Rodwell  have  sampled  the  output  of 
a  four  stage  GaAs  FET  traveling  wave  amplifier  (TWA, 
courtesy  of  G.  Zdasiuk.  Varian  Associates),  measuring 
electronic  distortion  induced  by  changes  in  the  power  sup¬ 
ply  bias  (11),  (48).  In  this  experiment,  instead  of  driving 
the  device  under  test  with  a  photodiode,  it  was  connected 
to  a  microwave  synthesizer  (HP  8340A),  phase-locked  to 
the  laser  mode-locker  driver  and  operating  at  a  fixed  fre¬ 
quency.  The  frequency  was  chosen  to  be  an  exact  multiple 
of  the  fundamental  sampling  rate  plus  1  Hz  so  that  the 
sampling  pulses  walked  through  the  driving  sinusoid  at  a 
rate  of  1  Hz.  Pulse  modulating  the  synthesizer  at  10  MHz. 
allowed  a  narrow -band  receiver  to  be  used  for  signal -to- 
noise  enhancement.  Since  the  spectrum  analyzer  used  as 
ihe  10  MHz  receiver  displayed  only  the  rms  value  of  the 
sampled  waveform  a  small  amount  of  the  10  MHz  chop¬ 
ping  signal  was  injected  into  the  input  so  that  it  summed 
vectorially  with  the  photodiode  signal  to  produce  a  true 
bipolar  waveform. 


With  the  synthesizer  tuned  to  4.1  GHz  and  the  TWA 


KOLNER  AND  BLOOM  G«A»  INTEGRATED  CIRCUITS 


91 


P«- 


r.  r. 
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Fig.  16.  Typical  laxcr  envelope  harmonic  spectral  component.  »  earner 
power.  P ,  «■  phase  noise  power  at  any  offset  from  the  earner.  (See  text 
for  explanation  of  /,  and  /,. ) 


FREQUENCY  (i  ««»/«.,) 


Fig.  17.  Laser  envelope  harmonic  spectral  components  down-converted  to 
10  MHz  by  harmonic  mixing  in  the  electrooptic  sampler.  Center  fre¬ 
quency  of  each  component  equals  n  x  82  MHz.  whci  -  n  is  the  harmonic 
number. 


16.  It  consists  of  a  delta  function  at  nf0  and  a  phase  noise 
pedestal  arising  from  the  pulse-to-pulse  jitter.  For  small 
phase  fluctuations,  the  relative  phase  noise  power  can  be 
shown  to  vary  as  the  square  of  the  harmonic  number  n 
[50].  The  phase  noise-to-carrier  power  ratio  for  a  given 
sinusoidal  component  of  the  noise  is  given  by 


Pb  _  (na>oTo): 

Pa  2 


(55) 


where 


Pb  -  phase  noise  power  at  some  offset  frequency 

Pa  *  carrier  power 

wo  *  2t  x  sampling  rate 

t0  *  peak  timing  jitter  at  frequency  of  Pb. 

Fig.  17  shows  a  series  of  harmonic  spectra  from  the 
mode-locked  and  compressed  Nd :  YAG  laser  mixed  down 
to  10  MHz.  To  obtain  these  spectra,  signals  up  to  16  GHz 
( n  =*  199)  were  applied  to  the  transmission  line  from  a 
microwave  synthesizer  (HP  8340A)  that  was  phase-locked 
to  the  mode-locker  driver  (HP  3325A).  The  growth  of  the 
phase  noise  sidebands  is  clearly  evident.  By  measunng  the 
relative  intensity  of  the  phase  noise  and  plotting  it  against 
the  actual  frequency  of  the  harmonic  (n/0),  the  rate  of  side¬ 
band  growth  can  be  compared  to  the  theory.  In  Fig.  18. 
these  data  are  plotted  on  a  log-log  graph  against  a  slope 
3  2  line.  The  data  follow  the  square-law  dependence  well 
with  the  deviation  at  the  high  end  assumed  to  result  from 
the  higher  modulation  index  causing  a  nonlinear  departure 
from  the  small-signal  theory. 

With  a  picture  of  one  of  the  spectral  components  in 
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F,g  18  Relative  growth  of  phase  noise  power  as  a  function  of  harmonic 
frequency  In  x  82  MHz).  Solid  line  of  slope  «  2  corresponds  to  theo¬ 
retical  square-law  dependence. 


hand,  we  can  deduce  the  extent  of  the  timing  fluctuations 
because  the  total  power  in  the  phase  noise  sidebands.  Post* 
can  be  shown  to  be  related  to  the  rms  timing  jitter  [50], 
[51].  To  calculate  the  total  double  side-band  noise  power, 
the  phase  noise  spectrum  is  integrated  from  some  low  fre¬ 
quency  /i  near  the  carrier  (n/0)  to  some  higher  frequency 
/2  where  the  phase  noise  falls  to  the  level  of  the  AM  and 
Johnson  noise.  Since  the  apparent  width  of  the  carrier 
component  depends  on  the  resolution  bandwidth  of  the 
spectrum  analyzer,  using  a  narrower  bandwidth  allows  /, 
to  move  closer  to  the  earner  and  lower  frequency  phase 
fluctuations  to  contribute  to  the  total  side-band  power. 
Thus,  any  calculation  of  timing  jitter  using  this  method 
must  specify  the  low  frequency  cutoff  /, .  The  expression 
relating  the  rms  timing  jitter  to  the  carrier  and  phase  noise 
powers  is 


and  B  3  spectrum  analyzer  resolution  bandwidth  and  1 

«  l//o- 

In  our  experiments  we  used  two  spectrum  analyzer 
bandwidth  settings.  In  the  first  case  with  the  bandwidth  B 
=  10  Hz,  the  low-frequency  cutoff  /,  ranged  between  10 
Hz  and  32  Hz.  In  the  second  case.  B  -  30  Hz  and  /, 
varied  from  105  Hz  to  150  Hz.  The  upper  frequency  limit 
fi  was  typically  1  kHz-2  kHz. 

The  rms  timing  jitter  calculated  from  the  phase  noise 
spectra  and  (56)  is  plotted  in  Fig.  19  for  five  harmonic 
components  from  n  *  11  to  n  -  98.  Although  there  is  a 
spread  of  several  picoseconds  in  the  jitter  for  each  of  the 
two  resolution  bandwidths,  the  slopes  connecting  the  two 
data  points  of  each  harmonic  number  are  nearly  the  same, 
indicating  a  similar  trend  in  increasing  jitter  as  lower  fre¬ 
quency  components  are  included.  The  data  suggest  an  up¬ 
per  limit  of  11  ps  rms  jitter  for  fluctuation  frequencies 
above  10  Hz.  We  have  not  yet  identified  the  source  of  the 
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Gate  Propagation  Delay  and  Logic  Timing  of  GaAs  Integrated 
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Abstract:  We  report  techniques  for  measuring  internal  switching 
delays  of  GaAs  digital  integrated  circuits  by  electro-optic 
sampling.  Circuit  propagation  delays  of  15  ps  are  measured.  A 
new  phase  modulation  technique  which  allows  testing  of  sequential 
logic  is  demonstrated  with  the  measurement  of  a  2.7  GHz  8-phase 
clock  generator. 
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We  have  used  the  system  to  measure  the  edgespeed  and 
propagation  delays  of  GaAs  buffered  FET  logic  (BFL) 
combinational  logic.  To  accurately  measure  the  transition  times 
and  the  shape  of  the  switching  waveforms,  the  impulse  response  of 
the  sampling  system  must  be  short  and  free  of  "wings"  (long 
duration  substructure),  which  would  introduce  tilt  into  the 
measured  waveforms.  By  using  1  km  fibre  in  the  pulse  compressor, 
significant  group  velocity  dispersion  is  introduced,  producing  a 
more  linear  frequency  chirp;  the  resulting  compressed  pulses  are 
of  2  ps  duration  and  are  free  of  wings  [6],  giving  a  Fourier 
transform  3  dB  frequency  of  100  GHz  .  Other  time  resolution 
limitations,  including  the  optical  transit  time  [4]  and  the  2  ps 
laser  timing  jitter,  further  limit  the  bandwidth  to  about  70  GHz. 

Laser  timing  drift  can  cause  errors  in  gate  propagation  delay 
measurements.  The  laser  timing  stabilizer  reduces  this  drift  to 
about  1  ps/minute.  Automated  positioners  are  used  to  scan  rapidly 
between  probed  points,  reducing  the  drift  bet4ween  measurements 
to  less  than  1  ps. 

To  acquire  measurements  rapidly  requires  low  instrument  noise. 
In  addition  to  shot  noise,  the  laser  has  80  dB  excess 
low-frequency  amplitude  noise,  while  the  compressor  generates 
excess  amplitude  noise  which  is  correlated  to  Raman  scattering  in 
the  fibre.  In  contrast  to  shorter  fibres,  with  the  1  km  fibre  we 
attain  50X  pulse  compression  at  power  levels  below  the  threshold 
of  the  Raman  process.  This  occurs  because  self  phase  modulation 
occurs  over  the  entire  length  of  the  fibre  while  the  interaction 


use  a  small-deviation  phase  modulator  driven  at  10  MHz.  The 
photocurrent  received  then  has  a  component  at  10  MHz  proportional 
to  the  derivative  of  the  sampled  point  on  the  circuit  waveform. 
The  receiver  detects  and  integrates  the  10  MHz  component  to 
reconstruct  the  waveform.  The  phase  modulation  must  be  less  than 
1  radian  of  the  highest  waveform  harmonic  of  interest  if  less 
than  1  dB  of  attenuation  of  this  harmonic  is  to  be  incurred. 
Because  of  this  limitation,  and  because  of  the  signal 
integration,  measurement  noise  is  increased,  being  proportional 
to  the  square  of  the  number  of  recovered  harmonics,  rather  than 
in  direct  proportion.  Acquisition  times  are  on  the  order  of  1 
second. 

We  have  used  the  phase  modulation  technique  to  probe  the 
8-phase  counter/clock  generator  waveforms  in  a  GaAs  BFL 
8-bit  multiplexer/demultiplexer  [8J  clocked  at  2.7  GHz  (fig.  3). 
Because  the  multiplexer  cycles  on  both  the  rising  and  falling 
edges  of  (in  this  case)  an  assymmetrical  input  clock,  the  8 
phases  of  the  counter  are  unevenly  timed. 

In  conclusion,  we  have  used  electro-optic  sampling  to  measure 
propagation  delays  and  timing  of  GaAs  logic.  The  sampler,  whose 
bandwidth  we  estimate  at  70  GHz,  has  been  used  to  sample  signals 
as  high  in  frequency  as  40  GHz  (fig.  4);  thus  risetimes  as  small 
as  5  ps  can  be  resolved.  The  external  synchronisation  and  phase 
modulation  techniques  allow  accurate  testing  of  combinational  and 
sequential  logic  with  the  circuits  operating  in  their  normal 
mode,  being  driven  with  complex  repetitive  digital  sequences. 
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Abstract 

The  internal  signal  propagation  and  saturation  characteristics  of  two  monolithic  microwave 
travelling-wave  amplifiers  (TWA)  are  measured  by  electro-optic  sampling.  Gate  and  drain¬ 
line  responses  are  compared  with  theory  and  simulation,  leading  to  revisions  in  the  FET 
models.  Drain  voltage  frequency  dependence  and  harmonic  current  propagation  together 
lead  to  more  complex  saturation  behavior  than  is  discussed  in  the  literature. 
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measuring  the  voltage  on  microstrip  and  coplanar  transmission  lines  are  shown  in  figures 
1  and  2,  respectively. 

Figure  3  shows  the  sampling  system.  A  mode-locked  Nd:YAG  laser  is  driven  at  82 
MHz,  producing  optical  pulses  of  1.06  \im  wavelength  and  100  ps  duration.  A  fiber- 
grating  pulse  compressor  reduces  the  pulse  duration  to  2  ps  and  a  phase-lock-loop  feedback 
timing  stabilizer  reduces  the  laser  timing  jitter  to  2  ps.  The  probe  beam  passes  through 
a  polarizing  beamsplitter  and  a  waveplate  and  is  focused  adjacent  to  or  on  the  conductor 
of  interest  for  the  microstrip  or  coplanar  geometries,  respectively.  The  reflected  light 
passes  back  through  the  polarizing  beamsplitter,  where  one  polarization  is  directed  onto  a 
photodiode  connected  to  a  receiver. 

The  circuit  under  test  is  driven  by  a  microwave  synthesizer  whose  output  is  pulse 
modulated  at  10  MHz  to  allow  synchronous  detection  at  this  frequency.  If  the  microwave 
synthesizer  is  tuned  to  exactly  the  Nth  harmonic  of  the  laser  pulse  repetition  frequency, 
the  same  point  on  the  circuit  waveform  will  be  sampled  every  N  cycles.  The  microwave 
frequency  is  then  offset  10-100  Hz  to  map  out  the  waveform  at  this  rate.  In  this  way  the 
sampler  operates  as  a  sampling  oscilloscope.  To  use  the  sampler  as  a  network  analyzer, 
we  remove  the  pulse  modulation,  offset  the  microwave  frequency  by  10  MHz  and  replace 
the  receiver  with  a  narrowband  10  MHz  vector  voltmeter.  Using  the  sampler  we  have 
investigated  the  causes  of  bandlimiting  and  gain  compression  in  two  microwave  TWA’s. 

Amplifiers  Tested 

In  a  distributed  amplifier,  a  series  of  small  transistors  are  connected  at  regular  spacings 
between  two  high-impedance  transmission  lines  (Fig.  4).  The  high-impedance  lines  and 
the  FET  capacitances  together  form  synthetic  transmission  lines,  generally  of  50  ohm 
characteristic  impedance.  Series  stubs  are  used  in  the  drain  circuit,  equalizing  the  phase 
velocities  of  the  two  lines  and,  at  high  frequencies,  providing  partial  impedance  matching 
of  the  drain  output  impedances  and  thus  increasing  the  gain.  By  using  small  devices  at 
small  spacings.  the  cutoff  frequencies  due  to  the  periodicities  of  the  synthetic  lines  can  be 
made  larger  than  the  bandwidth  limitations  associated  with  the  line  attenuations  arising 


in  strong  frequency  dependence  of  the  drair  voltages  (Fig.  9);  this  can  be  predicted  by 
simple  analysis. 


Drain  Voltage  Distribution 


After  Ayasli  [7],  if  the  wavelength  is  much  greater  than  the  spacing  between  the  FET’s, 
the  synthetic  lines  can  be  approximated  as  continuous  structures  coupled  by  a  uniformly 
distributed  transconductance.  The  lines  then  have  characteristic  impedances  and  phase 
velocities  given  by  the  sum  of  distributed  and  lumped  capacitances  and  inductances  per 
unit  length  [7j;  the  line  impedances  (Z0)  and  velocities  (Vp)  are  generally  made  equal.  The 
lines  then  have  propagation  constants  given  by: 


rgu*C],Z0 

lg—ag+  30t  2* - ^ - +  ju/Vp 


id  =  ad  +  j0d  ^  Z°2[d'  +  i“/Vp 


Where  /  is  the  FET  spacing,  Cg ,  is  the  gate-source  capacitance,  rg  is  the  gate  resis¬ 
tance,  Cdt  is  the  drain-source  conductance,  and  a  forward  propagating  wave  is  of  the  form 
e-'2.  The  voltage  along  the  drain  line  is 
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where  n  is  the  number  of  FET’s,  gm  is  the  FET  transconductance,  Vin  is  the  input 
voltage,  and  z  is  the  distance  along  the  drain  line,  with  the  origin  located  at  the  drainline 
reverse  termination.  Ignoring  line  attenuation,  (3)  becomes: 


sin(20(ni  —  z))  sin2(0(ni  —  z)) 


and  if  the  drainline  reverse  termination  is  omitted  and  the  output  load  resistance 
Zioad  set  at. 

Zload  =  K/nl 

(6) 

then  the  voltage  along  the  drain  line  will  be  uniform: 

Vd(z)  =  -ngmZloadVine->"*/v’ 


The  drainline  voltage  is  uniform  and  in  phase  with  the  gateline  voltage,  allowing 
simultaneous  saturation  of  all  FET’s  and  thus  maximizing  the  output  power  at  saturation. 

In  the  uniform  drain  line  case,  as  is  shown  by  equation  (3)  and  by  Figure  5,  the  reverse 
wave  on  the  drain  line  complicates  the  problem;  the  drain  voltages  are  equal  only  at  low 
frequencies,  and,  by  equation  (3),  the  reverse  wave  introduces  a  phase  shift  between  the 
gate  and  drain  voltages  of  each  FET.  Thus,  in  the  uniform  drain  line  case,  neither  the 
conditions  for  simultaneous  saturation  of  all  FET’s  nor  the  conditions  for  simultaneously 
reaching  all  saturation  mechanisms  in  a  given  FET  can  be  met. 

The  2-18  GHz  microstrip  amplifier  has  1  dB  gain  compression  at  7  dBm  input  power, 
and  is  not  optimized  for  maximum  power  output;  the  lines  are  not  tapered  and  the  bias  is 
such  that  drain  saturation  occurs  first.  At  3  GHz,  the  small-signal  voltages  at  the  drains 
of  the  last  three  devices  are  approximately  equal,  thus  clipping  occurs  simultaneously  at 
these  three  devices  (Fig.  13). 

At  10  GHz  the  distortion  at  the  1  dB  compression  point  is  complicated  by  phase  shifts 
between  the  10  GHz  fundamental  and  the  20  GHz  generated  harmonic  currents  (Fig.  14). 
The  10  GHz  small-signal  voltage  at  drain  5  is  1.5  dB  larger  than  that  at  drain  4,  thus  FF.T 
5  saturates  more  strongly.  The  20  GHz  harmonic  current  generated  at  FET  5  produces 
equal  forward  and  reverse  drain  voltage  waves  at  20  GHz.  With  10  ps  line  delay  between 
drains  4  and  5,  the  20  GHz  reverse  wave  from  FET  5  undergoes  20  ps  relative  phase  delay  ( 
which  is  72  degrees  of  a  10  GHz  cycle)  before  combining  with  the  the  10  GHz  forward  wave 
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ABSTRACT 

We  report  on  electrooptic  sampling  with  emphasis  on  measurements 
made  directly  to  both  analog  and  digital  gallium  arsenide 
integrated  circuits  to  millimeter  wave  frequencies. 
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Since  its  introduction  [1],  electrooptic  (EC)  sampling  has  rapidly 
developed  as  a  tool  for  ultrafast  electrical  measurements  [2],  [3]  with 
temporal  resolution  extending  to  less  than  a  picosecond.  The  basic 
physical  phenomenon  underlying  this  technique,  the  Pockels  effect,  is 
wel 1 -described  in  the  literature  [1-5].  The  work  reported  here  relies 
on  the  fact  that  GaAs,  the  substrate  material  for  many  high-speed 
circuits,  is  electrooptic.  Using  a  longitudinal  probing  geometry  [4], 
[5],  sub-bandgap  energy  infrared  light  is  passed  through  the  substrate 
of  GaAs  integrated  circuits  (IC's),  reflected  off  some  circuit 
metallization,  and  passed  through  a  polarizer,  resulting  in  an 
intensity  change  of  the  light  proportional  to  the  voltage  across  the 
substrate.  In  addition,  the  signal  generating  electronics  for  driving 
the  IC's  are  phase  locked  to  the  repetition  rate  of  a  mode-locked  laser 
laser,  allowing  sampled  measurements  of  voltage  waveforms  due  to 
sinusoidal  excitation  of  the  circuit.  Figure  1  shows  the  system 
schematic. 


This  system  can  be  used 
electrical  measurements 
The  E0  effect  acts  like 
the  fourier  spectrum  of 
microwave  or  millimeter 
nearest  laser  harmonic 
amplitude  and  phase  can 
vector  measurements  for 


in  several  modes  to  make  a  variety  of 
suitable  for  both  analog  and  digital  circuits, 
a  mixer  between  the  signal  on  the  circuit  and 
the  intensity  envelope  of  the  laser.  A 
wave  signal  on  the  circuit  mixes  with  the 
signal  to  produce  a  low  frequency  IF  whose  the 
be  readily  measured.  Thus  high  frequency 
linear  network  analysis  can  be  made. 


The  sampling  system  also  detects  large  signals,  i.e.  clipping  and 
distortion,  on  analog  circuits  and  switching  waveforms  on  digital 
circuits.  The  timing  stability  of  the  laser  with  respect  to  the  signal 
synthesizer  is  about  1  ps  per  minute,  allowing  for  precise  measurements 
of  propagation  delays  through  logic  elements. 

Results  from  a  variety  of  analog  and  digital  circuits  will  be 
presented,  including  measurements  on  broadband  microwave  amplifiers, 
signals  to  40  GHz  (the  current  limit  of  the  microwave  synthesizer) 

(Fig.  2),  and  timing/propagation  delays  for  high-speed  MESFETS 
(Fig.  3). 
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